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ABSTRACT 

Autosomal dominant diseases such as Huntington's 
disease (HD) are caused by a gain of function 
mutant protein and/or RNA. An ideal treatment for 
these diseases is to selectively suppress expression 
of the mutant allele while preserving expression of 
the wild-type variant. RNase H active antisense 
oligonucleotides (ASOs) or small interfering RNAs 
can achieve allele selective suppression of gene ex- 
pression by targeting single nucleotide polymorphi- 
sms (SNPs) associated with the repeat expansion. 
ASOs have been previously shown to discriminate 
single nucleotide changes in targeted RNAs with 
~5-fold selectivity. Based on RNase H enzymology, 
we enhanced single nucleotide discrimination by 
positional incorporation of chemical modifications 
within the oligonucleotide to limit RNase H 
cleavage of the non-targeted transcript. The result- 
ing oligonucleotides demonstrate > 100-fold dis- 
crimination for a single nucleotide change at an 
SNP site in the disease causing huntingtin mRNA, 
in patient cells and in a completely humanized 
mouse model of HD. The modified ASOs were also 
well tolerated after injection into the central nervous 
system of wild-type animals, suggesting that their 
tolerability profile is suitable for advancement as 
potential allele-selective HD therapeutics. Our 
findings lay the foundation for efficient allele-select- 
ive downregulation of gene expression using 
ASOs— an outcome with broad application to HD 
and other dominant genetic disorders. 



INTRODUCTION 

Autosomal dominant diseases such as Huntington's 
disease (HD), retinitis pigmentosa, achondroplasias, cere- 
bellar ataxias, myotonic dystrophy and some forms of 
familial amyotrophic lateral sclerosis are caused by a 
gain of function mutant protein and/or RNA (1). An 
ideal treatment for these diseases would be an allele- 
selective therapeutic that selectively prevents expression 
of the disease allele while maintaining expression of the 
wild-type (wt) variant. Oligonucleotide (ON)-based thera- 
peutics are uniquely suited for targeting autosomal 
diseases, as they can suppress production of the mutant 
protein or RNA by targeting the mRNA directly through 
Watson-Crick interactions (2,3). 

HD is an example of autosomal dominant disease 
caused by an expansion of a CAG repeat in the first 
exon of the huntingtin (HTT) gene (4). This results in a mu- 
tant protein (muHTT) with an expanded polyglutamine 
tract, which is thought to cause toxicity in neurons. 
Disease onset typically occurs in middle age and is 
characterized by neuronal degeneration resulting in 
profound changes in behavior, cognitive dysfunction, un- 
controlled motor movements and dementia (5). Wild-type 
HTT (wtHTT) is a large protein (350 KDa) that is essen- 
tial for normal neuronal development in early embryonic 
stages, but its precise role in the adult brain remain poorly 
understood (6-9). 

Recent reports have demonstrated the utility of ON 
therapeutics as potential treatments for HD in preclinical 
animal disease models. Chemically modified RNase H 
antisense oligonucleotides (ASOs) (10), cholesterol 
conjugated small interfering RNA (siRNAs) (11) and 
virally delivered short hairpin RNA (12,13), which par- 
tially suppress expression of both, mu and wtHTT, 
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effectively ameliorate the disease phenotype in transgenic 
mouse models of HD. However, although the suppression 
of both alleles was therapeutically beneficial in these 
studies, it would be prudent to preserve the function of 
wtHTT in the central nervous system (CNS) of adult HD 
patients if possible. 

Allele-selective silencing of muHTT can be achieved by 
directly targeting the CAG expansion with ONs that act 
via the steric block or the microRNA pathway (14-16). In 
animal experiments however, large doses of the CAG tar- 
geting ON drug were required to produce ~50% reduction 
of muHTT (17). Moreover, expanded CAG repeats occur 
in numerous other transcripts, and their non-specific 
downregulation could be deleterious. 

An alternative strategy reduces muHTT by targeting 
SNPs associated with the expanded CAG repeats using 
either the RNAi mechanism (18-20) or ASOs (21,22). 
However, the siRNA approach suffers from delivery 
problems that will require the drug to be injected 
directly into brain tissue, limiting the efficacy of gene 
silencing to areas in the immediate vicinity of the site of 
injection. Given that HD affects most brain regions (23), 
this approach could have limited utility. Furthermore, 
~93% of validated SNPs in HD are found in intronic 
regions (22,24). These SNPs appear not to be accessible 
to siRNAs and short hairpin RNAs, which typically target 
the mature mRNA transcript in the cytoplasm (25). 

In contrast, RNase H active ASOs act predominantly in 
the nucleus and have access to the pre-mRNA (introns, 
exons and untranslated regions (UTRs)) (25), thus greatly 
increasing the number of SNP sites available for identify- 
ing safe and efficacious ASO therapeutics. RNase H ASOs 
are also chemically modified for improved drug-like 
properties (26). ASOs distribute throughout the brain 
and spinal cord following injection into the cerebrospinal 
fluid and silence gene expression in most parts of the CNS 
(10). Furthermore, chemically modified ASOs have suc- 
cessfully completed early stage human clinical trials for 
the treatment of familial amyotrophic lateral sclerosis 
(27) and spinal muscular atrophy (28). However, despite 
significant advances in the design of new ON chemical 
modifications (26), design strategies that allow for efficient 
discrimination of a single nucleotide mismatch using 
ASOs have remained elusive. 

In this report, we demonstrate highly allele-selective 
downregulation of mutant huntingtin mRNA and 
protein in HD patient-derived fibroblasts and in the 
CNS of a fully humanized mouse model of HD by using 
ASOs that target an SNP in the HTT gene. In addition, we 
also outline some general design principles for the effective 
targeting of SNPs using RNase H active ASOs — an 
outcome with broad application for the treatment of 
dominant genetic disorders. 

MATERIALS AND METHODS 

ON synthesis 

ONs on a 2umol scale were made on an ABI 394 DNA/ 
RNA synthesizer using polystyrene-based VIMAD 
unylinker™ support. Fully protected nucleoside 



phosphoramidites were incorporated using standard 
solid-phase oligonucleotide synthesis, i.e. 3% dichlo- 
roacetic acid in DCM for deblocking, 1 M 
4,5-dicyanoimidazole 0.1 M 7V-methylimidazole in aceto- 
nitrile as activator for amidite couplings, acetic acid in 
THF and 10% 1-methylimidazole in THF/pyridine for 
capping and 0.2 M phenylacetyl disulfide in pyri- 
dine:acetonitrile 1:1 (v:v) for thiolation. DNA building 
blocks were dissolved in acetonitrile (0.1 M) and 
incorporated using 2x4 min coupling time, whereas 
other building blocks were dissolved in acetonitrile:tolu- 
ene 1:1 (v:v) if necessary and coupled for 2 x 6 min. After 
conclusion of the synthesis, the 5' DMT group was 
removed and cyanoethyl protecting groups removed 
using triethylamine:acetonitrile 1:1 (v:v). Remaining pro- 
tecting groups were removed in 25% aq. ammonia at 55°C 
for 8h or at room temperature for 48 h when sensitive 
modifications were used. ONs were purified by ion-ex- 
change high performance liquid chromatography 
(HPLC) using a linear gradient of buffer A and B. 
Buffer A: 50 mM NaHC0 3 in acetonitrile:water 3:7 (v:v), 
buffer B: 1.5 M NaBr, 50 mM NaHC0 3 in acetoni- 
trile:water 3:7 (v:v). Purified ONs were desalted using 
CI 8 reverse-phase cartridges. ONs used in vivo were 
made on a 40umol scale on an AKTA Oligopilot 
Synthesizer using the same reagents as described for the 
2umole scale synthesis, except that 15% dichloroacetic 
acid in toluene was used for deblocking. DNA 
phosphoramidites were coupled for 3 min, whereas all 
other building blocks were coupled for 12 min. ONs 
were purified as described earlier in the text, except that 
the 5' DMT group was retained after full-length synthesis 
and cleaved on the ion-exchange column. 

Thermal denaturation studies 

ON and RNA was mixed in 1:1 ratio (4uM duplex) in 
buffer containing lOmM phosphate, 100 mM NaCl and 
10 mM EDTA at pH 7.0. Duplex was denatured at 85°C 
and slowly cooled to the starting temperature of the ex- 
periment (15°C). Thermal denaturation temperatures 
(T m values) were measured in quartz cuvettes (pathlength 
1.0 cm) on a Cary 100 ultraviolet (UV)/visible spectropho- 
tometer equipped with a Peltier temperature controller. 
Absorbance at 260 nm was measured as a function of tem- 
perature using a temperature ramp of 0.5°C per min. 
T m values were determined using the hyperchromicity 
method incorporated into the instrument software. 

Human RNase HI cleavage pattern using liquid 
chromatography coupled mass spectrometry 

Two hundred nanomolar duplex (Al and fully comple- 
mentary or SNP G mismatched RNA) was added to 
reaction buffer [20 mM Tris-HCl, 50 mM KC1, 5mM 
MgCl 2 (pH 7.5), 540 ul) and heated to 85°C for 2 min 
and then slowly cooled to room temperature over 1 h. 
Human RNase HI solution (0.4mg/ml, 4ul) was added 
to dilution buffer [50 mM Tris-HCl, 50 mM KC1, 1 mM 
tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (pH 
7.5) in 30% glycerol, 56 ul], incubated at rt for 60 min and 
then added to duplex solution. Aliquots were removed at 
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different time points and reaction quenched by mixing 
with quenching buffer (8 M urea and 50 mM EDTA) and 
snap-frozen on dry ice. RNA fragments were analyzed by 
ion-pairing HPLC-electrospray/mass spectrometry using 
a 1100 HPLC-MS system (Agilent Technologies, 
Wilmington, DE) containing a quaternary pump, 
variable wavelength UV detector, a column oven, an 
autosampler and a single quadrupolar mass spectrometer 
(Agilent Technologies). RNA fragments were separated 
on an XBridge CI 8 reverse phase column (2.1 x 15mm, 
2.5umol pore size) maintained at 35°C. Full-length RNA 
and corresponding fragments were eluted using a 0.1ml/ 
min flow rate using a gradient of buffer A and B; buffer A: 
5mM tributylammonium acetate in acetonitrile:water 1:5 
(v:v), buffer B: 5mM tributylammonium acetate in aceto- 
nitrile:water 9:1 (v:v). The mass spectrometer was set to 
scan a m/z window of 900-2000. Mass spectra were 
obtained using a spray voltage of 4kV, a sheet gas flow 
of 35 pounds per square inch gauge, a drying gas flow rate 
of 121/min at 350°C and a capillary voltage of —150 V. 
Chromatograms were analyzed using ChemStation 
software (Agilent Technologies) and the m/z value 
compared with a table containing the calculated m/z 
values of expected RNase H cleavage products 
(Supplementary Figure S3). RNA sequences used for the 
experiment were as follows: RNA mu 5'-AGACUUUUUC 
UGGUGAUGACAAUUUAUUAA; RNA wt 5'-AGACU 
UUUUCUGGUGAUGGCAAUUUAUUAA where the 
underlined nucleotides represent the SNP site. 

Human RNase HI cleavage pattern using 
32 P labeled RNA 

RNA was 5'-end labeled with 32 P using 20 U of T4 poly- 
nucleotide kinase, 120pmol (7000 Ci/mmol) of 
[y- 32 P]ATP, 40pmol RNA, 70 mM Tris-HCl, lOmM 
MgCl 2 and 50 mM dithiothreitol (DTT), at pH 7.6. The 
labeling reaction was incubated at 37°C for 30 min 
followed by heating at 90°C for lmin. Labeled RNA 
was purified using 12% denaturing polyacrylamide gel. 
ASO (200 nM), unlabeled 19mer RNA (100 nM) and a 
small amount of 32 P-labeled RNA was mixed in hybrid- 
ization buffer [20 mM Tris, 20 mM KC1 (pH 7.5)] and 
heated to 90°C for 2 min. To the hybridization mixture 
was added 0.1 mM TCEP, 1 mM MgCl 2 and 40 U of 
RNaseOUT and incubated at 37°C for 1 h. The human 
RNase HI enzyme was incubated in dilution buffer 
[20 mM Tris, 50 mM KC1 and 2mM TCEP (pH 7.5)] for 
1 h at rt. Enzyme solution (1/25 uL duplex solution) was 
added to duplex solution and incubated at 37°C. At time 
point's aliquots were removed and reaction quenched in 
loading buffer and snap-frozen on dry ice. Cleavage 
products were separated by 12% denaturing polyacryl- 
amide gel, and products were quantitated on a 
Phosphor-Imager. RNA sequences used for the experi- 
ment were as follows: 19mer RNA mu 5'-CUGGUGAUG 
ACAAUUUAUU; 19-mer RNA wt 5'-CUGGUGAUGGC 
AAUUUAUU where the underlined nucleotides represent 
the SNP site. The 19mer RNA was used to facilitate sep- 
aration of bands by gel electrophoresis. 



Allele selective PCR conditions 

GM04022 fibroblasts, obtained from the NIGMS Human 
Genetic Cell Repository at the Coriell Institute for Medical 
Research, which are heterozygous at SNP rs7685686_A, 
were used to measure the in vitro potency and selectivity 
of the modified ASOs. The cells were trypsinized and resus- 
pended at a density of 400000 cells per ml in growth 
medium before transfecting varying concentrations of 
ASOs with electroporation (Harvard Apparatus 
ECM830, 115 V, 6 msec). Treated cells were maintained 
at 37°C and 5% C0 2 in minimal essential medium contain- 
ing 15% fetal bovine serum, non-essential amino acids and 
penicillin/streptomycin. Approximately 24 h post-transfec- 
tion, the cells were washed with Dulbecco's Phosphate 
Buffered Saline buffer and lysed. RNA was extracted 
using the Qiagen RNeasy96 kit, and levels of the human 
//7TmRNA alleles were determined using the qPCR assay 
C_2231945_10 at SNP rs362331 from Life Technologies. 
The mu and wtHTT mRNA levels were measured simul- 
taneously by using two different fiuorophores, 6- 
carboxyfiuorescein (FAM) for mutant allele and VIC® 
for wild-type allele. Quantitative RT-PCR reactions were 
run on the ABI 7900HT instrument using the Quantitect 
Probe RT-PCR kit following the manufacturer's instruc- 
tions. The HTT mRNA levels were normalized to total 
RNA content, as measured by Ribogreen. Data are ex- 
pressed as means ± SD. For the dose-response curves, 
results were analyzed using non-linear regression with 
normalized response and variable slope, and IC 50 values 
were calculated with GraphPad Prism Ver.5. Allele select- 
ivity was calculated by dividing the IC 50 for inhibiting 
wtHTT by the IC 50 for inhibiting muHTT. If the IC 50 for 
reducing wt//7Twas greater than the highest ASO concen- 
tration tested, then the allele selectivity was calculated by 
dividing the highest ASO concentration tested by the IC 50 
for inhibiting muHTT and expressed as > x fold. 

Primary cortical neuron culture 

Embryos were dissected from E15.5-E16.5 pregnant 
Hu97/18 females. Cortical and striatal tissue was 
isolated from the embryos and cultured as follows. 
Briefly, cortical and striatal tissue from single embryos 
were dissected into ice-cold divalent-free Hank's 
Balanced Salt Solution (Invitrogen). The tissue from 
each embryo was minced and digested with 0.05% 
Trypsin-EDTA (Invitrogen) at 37°C for 8 min. Digestion 
was halted by addition of complete neurobasal media 
(Invitrogen) supplemented with 10% HBSS. Cells were 
resuspended in media and treated with DNAse I 
(Invitrogen). After trituration through a 200 ul pipette 
tip, cells were resuspended in neurobasal media with B27 
supplement (Invitrogen), counted and seeded at 
1.0 x 10E6 cells/well in 6-well plates pre-coated with 
poly-D-lysine (BD Biosciences). Neurons were incubated 
in a humidified 37°C incubator in the presence of 5% C0 2 . 

Genotyping 

Tissue was isolated from the embryos post-dissection, and 
DNA was extracted with the DNeasy blood and tissue 
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extraction kit (Qiagen). Purified DNA was used as 
template for genotyping by PCR with the AccuPrime 
GC-Rich DNA Polymerase kit (Invitrogen) using 
HttgOlO primers (Httg009_F ATTACAGTCTCACCAC 
GCCC and HttgO 1 ORC ACTTGGGTCTTCCCTTG 
TC). Products were resolved on 1 % agarose gel. 

Primary neuron screen 

Hu97/18 primary neurons were treated with ASO on day 2 
in vitro. Each 6-well culture plate consisted of two un- 
treated wells, and four ASO treatments of increasing 
dose (0-1000 nM). The neurons were collected by 
scraping into ice-cold phosphate buffered saline (PBS), 
pelleting cells (500 g, 5min, 4°C), aspirating the super- 
natant and snap-freezing the dry cell pellet. 

Immunoblotting 

Proteins were extracted by lysis with buffer [50 mM 
Tris (pH 8.0), 150mM NaCl, 1% Igepal, 40 mM B- 
glycerophosphate, 10 mM NaF, lx Roche complete 
protease inhibitor, 1 mM sodium orthovanadate and 
800 mM phenylmethanesulfonylfiuoride] containing 0.1% 
SDS followed by incubation on ice for 30min with occa- 
sional vortexing (19). Debris was removed by centrifuga- 
tion (15min, 20 000 g, 4°C) and the supernatant retained. 
Protein concentrations were determined by detergent 
compatible assay (BioRad). Samples were prepared for 
immunoblotting by denaturing the lysates in Lithium 
Dodecyl Sulfate sample buffer (Invitrogen) with 100 mM 
DTT and heating to 70° C for lOmin. 

Samples were resolved on 10% low-BIS acrylamide gels 
(200:1 acrylamide:BIS) with tris-glycine running buffer 
(25 mM Tris, 190 mM Glycine, 0.1% SDS) containing 
10.7 mM beta-mercaptoethanol added fresh. Gels were 
run at 100 V for 304 min through the stack, then 190 V 
for 2.5 h or until the 75kDa molecular weight marker 
band was at the bottom of the gel. Proteins were 
transferred to nitrocellulose at 24 V for 2 h with NuPage 
transfer buffer [Invitrogen: 25 mM Bicine, 25 mM Bis 
Tris, 1.025 mM EDTA, 5% MeOH (pH 7.2)]. 
Membranes were blocked with 5% milk in PBS, and 
then blotted with for HTT with the Miilipore anti-HTT 
(mAb 2166). Anti-calnexin (Sigma C4731) immunoblot- 
ting was used as loading control. Proteins were detected 
with IR dye 800CW goat anti-mouse (Rockland 610-131- 
007) and AlexaFluor 680 goat anti-rabbit (Molecular 
Probes A21076)-labeled secondary antibodies, and the 
LiCor Odyssey Infrared Imaging system. Data are ex- 
pressed as means ± SEM. Where appropriate, results 
were analyzed using non-linear regression with normalized 
response and variable slope and IC50 values were 
calculated with GraphPad Prism Ver.5. 

Evaluation of ASOs in humanized mouse brain 

For intracerebroventricular (ICV) injection of ASO or 
PBS vehicle, Hu97/18 mice (N = 4/group) were 
anesthetized with isofiuorane and placed into a stereotaxic 
frame. A Hamilton syringe with sharpened 26 Ga needle 
was used to punch through the skull at 0.3 mm anterior 
and 1.0 mm lateral to Bregma and lowered to a depth of 



3 mm. ASO (25, 75, 150, 300 or 500^) in a total volume 
of 10 of sterile PBS was injected into the right lateral 
ventricle at a rate of 1 (il/s. Mice were sacrificed 28 days 
later. Brains were removed, briefly incubated on ice and 
placed into a 2 mm coronal brain matrix (ASI instru- 
ments). Slab 2, which included portions of anterior 
cortex and striatum, was then removed, divided into 
right and left hemisphere portions and snap frozen in 
liquid nitrogen. Frozen tissue was then lysed and 
evaluated for levels of mu and wtHTT protein by allelic 
separation immunoblotting as previously described 19 . The 
remaining posterior portion of the brain was post-fixed for 
24 h in 4% paraformaldehyde, cryoprotected in 30% 
sucrose and cut by cryostat into 25 um free-floating 
coronal sections. Sections were then processed for ASO 
immunohistochemistry as previously described (19). 

Evaluation of ASOs in C57B16 mouse and Sprague- 
Dawley rat brain 

All procedures were performed under isofiuorane anesthe- 
sia and in accordance with IACUC regulations. For 
mouse tolerability studies, ASO was injected into the 
right lateral ventrical of C57B16 female mice (n = 4 per 
treatment). Briefly, through the use of steriotaxic guides, 
a needle attached to a Hamilton syringe was inserted at 
bregma coordinates + 1.0 ML, +0.3 AP and -3.0 DV. Ten 
microliters of solution containing 300 (ig of ASO in PBS 
was injected over MOs. For repeated dosing in rats, male 
Sprague-Dawley rats were instrumented with subcutane- 
ous ports (Instech) to deliver dosing solutions to the 
lumbar intrathecal space (« = 6 per treatment). Briefly, 
8 cm long PE-10 catheters inserted 2 cm into the spine 
from the lumbar-sacrum junction were secured to dosing 
ports placed subcutaneously and sutured to underlying 
muscle. Animals were allowed to recover for 1 week 
post-surgery before beginning injections. Intrathecal (IT) 
bolus injections were delivered in 30 uL volumes and ad- 
ministered to the subcutaneous port, through the skin of 
awake animals. 

Behavioral analysis 

All behavioral analyses were performed during the 
light-cycle. 

Body weight and adverse events 

For 8 weeks after the initial dose, each animal was 
weighed and evaluated weekly by a trained observer for 
adverse events. Adverse events were defined as any 
behavior not typical in a na ive matched control animal, 
including, but not limited to: limb clasping, abnormal limb 
splay, abnormal gait, tremors, abnormal respiration, par- 
alysis, spasticity, impaired righting reflex, hyperactivity 
and lethargy. 

Open field 

Animals were placed in a 90 x 90 gray chamber in a lit 
behavior room. Fifteen-minute overhead videos were 
recorded, and open field activity was assessed by subse- 
quent analysis of the videos with AnyMaze software 
(Stoelting Inc.). 
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Grip-strength 

Hindlimb grip-strength was assessed by holding the 
animal horizontal to a 2 mm diameter metal bar 
attached to a force meter (World Precision Instruments). 
Once the animals grasped the bar with both hindpaws, 
they were pulled away until they released their grip. The 
maximum force achieved was calculated with LabScribe2 
software (iWorx Systems Inc.). This was repeated six times 
consecutively for each animal, and the mean score of all 
six trials was reported. 

RNA analysis for damage markers 

Eight weeks after the initial dose, animals in tolerability 
studies were sacrificed and cortex, striatum and spinal 
cord tissues were harvested by blunt dissection. 
Subsequent quantitative real-time PCR analysis was per- 
formed as described previously (9). The additional primer 
probe sets were used: Rat Aifl 5' -AGG AG A AAA AC A A 
AGAACACCAGAA-3'; 5'-CAATTAGGGCAACTCAG 
A A ATAGCT-3' ; 5'-Fam-CCAACTGGTCCCCC AGCC 
AAGA-Tamra-3' ; Rat Mpeg 5'-TTCCTCAGAAGGAG 
AGCAACCT-3'; 5' -TTGCC ATTGACTTTGG AG AA 
AA-3' 5'-Fam-AAGTACCACCTCATTTTCCATCAAC 
ACGGA-IOWA-3'; Rat Gfap 5'-GAAACCAGCCTGG 
ACACCAA-3' 5'-TCCACAGTCTTTACCACGATGTT 
C-3'; 5'-Fam-TCCGTGTCAGAAGGCCACCTCAA 
GA-Tamra-3'; Rat Cyclophilin A 5'-CCCACCGTGTT 
CTTCGACA-3'; 5'-AAACAGCTCGAAGCAGACGC- 
3'; 5'-Fam-CACGGCTGATGGCGAGCCC-Tamra-3'; 
Mouse Aifl 5'-TGGTCCCCCAGCCAAGA-3'; 5'-CCC 
ACCGTGTGACATCCA-3'; 5'-Fam-AGCTATCTCCG 
AGCTGCCCTG ATTGG-Tamra-3' . 



RESULTS 

We recently reported ~ 5-fold selectivity for reducing 
muHTT compared with wtHTT in HD patient-derived 
fibroblasts, cultured primary neurons and in murine 
BACHD brain using gapmer ASOs targeting SNPs 
associated with expanded CAG repeats (22). One of the 
ASOs (Al) identified in this study targeted SNP 
rs7685686_A located within intron 42 of the HTT gene. 
ASO Al is a fully phosphorothioate (PS) modified 15mer 
oligonucleotide with a 9-base deoxynucleotide gap flanked 
on each end with 2'-<9-methoxyethyl (MOE) (29) and 2',4'- 
constrained-[5]-2'-0-ethyl (S-cEt) (30) modified nucleo- 
tides (Figure 1A). The central gap region supports 
RNase H-mediated degradation of target mRNA, 
whereas the modified nucleotides in the flanks improve 
affinity of the ASO for target RNA and stabilize the 
ASO from exo-nuclease mediated degradation. The PS 
backbone modification also stabilizes the ASO from 
nuclease digestion and facilitates internalization of the 
ASO into cells by binding to cell-surface proteins (31). 
ASO Al is perfectly matched to muHTT while it has a 
single G:T mismatch to wtHTT positioned at the center of 
the oligonucleotide. Thus, the 5-fold selectivity observed 
with ASO Al in cell culture was surprising considering 
that the GT wobble base pair is only slightly less 



stabilizing as compared with the AT cognate base pair 
(Figure IB) (32). 

Chemical modifications that improve binding 
discrimination for the GT wobble base pair do not 
improve allele selectivity 

We measured the duplex thermal stability of ASO Al 
versus a matched RNA complement representing 
muHTT and a single base mismatched RNA representing 
wtHTT in UV monitored thermal denaturation experi- 
ments (T m ). As expected, there was a small (1.5°C) differ- 
ence in the T m of the matched and the mismatched ASO/ 
RNA duplexes (Figure IB). 

To examine whether the allele selectivity of ASO Al 
could be increased using chemical modifications known 
to either improve binding discrimination for the GT 
wobble base pair or modulate RNase H activity in the 
vicinity of the mismatch, we prepared ASOs where the 
dT nucleotide in the ASO across from the SNP site was 
replaced with chemical modifications (ASOs A2-A14, 
Supplementary Figure SI A). The gap-modified ASOs 
were evaluated in T m (Supplementary Figure SIC) and 
in cell culture experiments (Supplementary Figure SIB). 
We found that selected modifications such as C5-propyne 
(33), 2S-dT (34) and 3'-fluoro hexitol nucleic acid (FHNA) 
(35) were able to improve G:T discrimination modestly, 
but this did not result in improved allele selectivity in cell 
culture (Supplementary Figure S2). 

GT wobble base pair alters the preferred cleavage site of 
human RNase HI 

To understand the origins of the selectivity exhibited by 
ASO Al, we examined the cleavage of the duplexes 
between ASO Al with the matched and mismatched 
RNA complements RNA mu and RNA wt , respectively, 
using recombinant human RNase HI in a biochemical 
assay. Human RNase HI, the key enzyme implicated in 
the pharmacology of DNA containing ASOs (36), cuts the 
RNA strand of RNA/DNA heteroduplex 6-7 bp from the 
3'-DNA/5'-RNA end of the heteroduplex (37,38). The 
enzyme binds to different regions of a DNA/RNA 
heteroduplex and produces distinct cleavage sites based 
on the initial site of binding (39). Introducing chemical 
modifications into the DNA strand, which bias the con- 
formation of the sugar furanose ring into a RNA-like C3'- 
endo sugar pucker typically, do not support RNase H 
activity (40). 

In our experiments, ASO Al/RNA mu and ASO Al/ 
RNA wt duplexes were incubated with recombinant 
human RNase HI and analyzed for cleavage using 
liquid chromatography coupled mass spectrometry 
(LCMS, Figure 1C and Supplementary Figure S3). We 
found that, for the matched duplex Al/RNA mu , the 
preferred cleavage site (a) was adjacent to the centrally 
positioned AT base pair corresponding to the SNP site. 
In contrast, for the mismatched duplex Al/RNA wt repre- 
senting the ASO/wtHTT mRNA heteroduplex, no 
cleavage was observed adjacent to the SNP site. Instead, 
cleavage was shifted to less efficient minor cleavage sites 
(b, c and d) across from the 5'-end of the DNA gap. 
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Figure 1. Chemical design and analysis of human RNase HI cleavage patterns for ASO Al. (A) Chemical design of starting ASO Al, black letters 
indicate DNA, orange letters indicate MOE and blue letters indicate 5-cEt nucleotides; underlined letter is the nucleotide across from the SNP site; 
all internucleosidic linkages are PS. (B) T m of Al with matched and mismatched RNA complements representing maHTT and wtHTT mRNA and 
structures of the AT cognate and GT wobble base pairs. (C and D) Analysis of human RNase HI cleavage patterns of the matched duplex (Al/ 
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b, c and d correspond to the RNA fragments arising from human RNase HI cleavage and are depicted using colored arrows. The cleavage products 
were analysed using (C) LCMS or (D) gel electrophoresis using 5'-radiolabeled RNA. 



Results from the LCMS RNase H assay were further con- 
firmed using the traditional method of radiolabeling the 
RNA and examining the cleavage patterns using gel elec- 
trophoresis (Figure ID). Thus, presence of a GT wobble 
base pair at the human RNase HI preferred cleavage site 
changes the cleavage pattern for the matched (Al/RNA mu ) 
duplex versus the mismatched (Al/RNA wt ) duplex. This 
observation provided an explanation for the modest 
selectivity exhibited by ASO Al in cell culture. 

Rationale for improving allele selectivity by using 
chemical modifications to suppress minor RNase 
H cleavage sites 

We next hypothesized that the allele selectivity could be 
enhanced by introducing chemical modifications in the 
ASO across from the minor cleavage sites (b, c and d) 
that either do not support or interfere with RNase H 
cleavage (Figure 2). As the minor cleavage sites on 
RNA wt were distinct and separated from the preferred 
cleavage site (a) on RNA mu , we anticipated that 
improved selectivity could be achieved without affecting 
activity versus the mutant allele. Chemical modifications, 



which bias the conformation of the furanose ring toward 
the C3'-endo sugar pucker (Figure 2A and B) across from 
the cleavage site on the RNA, do not support RNase H 
activity (37). The effect of ASO chemical modifications on 
RNase H activity is also dependent on the exact position 
of incorporation relative to the cleavage site (5' or 3') on 
the RNA and is transmitted up to two nucleotides on 
either side of the chemical modification (37). 

Given that there were multiple minor cleavage sites on 
RNA wt , the optimal location for introducing chemical 
modifications into the ASO could not be predicted a 
priori. As a result, we sequentially replaced the dT nucleo- 
tides at positions 5 and 6 in the ASO with chemical modi- 
fications (Figure 2C and D). The candidate modifications 
included (i) 2S-dT where the 2-oxygen on the nucleobase is 
replaced with sulfur (34); (ii) backbone modifications like 
J?-5'-Me-DNA and 5-5'-Me-DNA, which place minimal 
steric bulk adjacent to the phosphate backbone but are 
not known to impact the sugar pucker of the furanose 
ring (41); (hi) 2' -modified furanose analogs such as 2'- 
fluoro arabino nucleic acid (FAN A), which improves 
RNase H activity at the site of incorporation (42), and 
2'-fluoro ribonucleic acid (FRNA), which exists 
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Figure 2. Chemical strategies to improve allele selectivity. (A) Structural equilibrium and (B) conformational models of the furanose rings in DNA 
and RNA (C) Strategies for introducing chemical modifications at positions 5 and 6 of ASO Al to modulate RNase HI cleavage at minor cleavage 
sites b, c and d. (D) Conformational models showing the furanose rings of 7?-5'-Me-DNA and 5-5'-Me-DNA in the C2'-endo sugar pucker, FANA in 
the Q4'-endo and FRNA in the C3'-endo sugar puckers and the hexitol ring of FHNA and the 'locked' sugar conformation of 5-cEt nucleotides. 



predominantly in the RNA-like C3'-endo sugar pucker 
(43); and (iv) FHNA (35) and 5-cEt (44), which mimic 
or lock the nucleoside furanose ring in the C3'-endo 
sugar pucker while greatly improving affinity for comple- 
mentary RNA. 

For selected modifications, we characterized the effect 
of the new ASO designs on the thermal stability of 
the ASO duplexes with the matched and mismatched 
RNA complements RNA mu and RNA wt , respectively 
(Supplementary Figure S4). Expectedly, we found no sig- 
nificant differences in the ability of these chemical modi- 
fications to improve thermal discrimination for the GT 
wobble base pair. 

Base modification 2S-dT has a position dependent effect 
on allele selectivity 

Introducing 2S-dT at position 5 or 6 in the ASO had a 
position-dependent effect on allele selectivity (Figure 3). 



Replacing dT with 2S-dT at position 5 (ASO A15) resulted 
in >48-fold improvement in allele selectivity, whereas the 
analogous substitution at position 6 (ASO A16) had no 
effect on allele selectivity relative to Al (Figure 3A). To 
understand this behavior, we examined the RNase H 
cleavage patterns of the matched and mismatched 
duplexes of ASOs A15 and A16. ASO A16 with 2S-dT 
at position 6 showed two major cleavage sites (a and d) 
for the matched duplex (A16/RNA mu ) (Figure 3B). Only 
one cleavage site (d) was observed for the mismatched 
duplex (A16/RNA wt ) where the G:T wobble base pair 
ablates the major cleavage site (a). Thus, 2S-dT at is 
unable to suppress RNase H cleavage two nucleotides 
upstream from the site of incorporation (d), and even a 
single cleavage site on the mismatched duplex is sufficient 
to blunt increased selectivity (Figure 3C). 

In contrast, ASO A15 with 2S-dT at position 5 showed 
two cleavage sites (a and b) for the matched duplex but no 
cleavage sites for the mismatched duplex (Figure 3B). In this 
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case, the combination of 2S-dT at position 5 and the GT 
wobble base pair blocks cleavage sites (a and b) resulting in 
greatly improved allele selectivity. In ASO A15, the S-cEt 
nucleotides in the 5'-wing suppress RNase H cleavage two 
nucleotides upstream from the site of 2S-dT incorporation 
(Figure 3C). As expected, introducing 2S-dT at position 5 or 
6 (A15 and A16, respectively) had no impact on thermal 
discrimination of the GT wobble base pair relative to 
control ASO Al (Supplementary Figure S4). 

Backbone modifications fl-5'-Me-DNA and S-5'-Me-DNA 
have a configuration and position-dependent effect on 
allele selectivity 

The effect of the backbone modifications on allele select- 
ivity was dependent on position and on the absolute con- 
figuration of the 5'-methyl group (Figure 4). ASO A17 
with iv-5'-Me-DNA at position 5 showed no improvement 
in allele selectivity relative to control ASO Al, whereas 



A18 modified with 5-5'-Me-DNA at position 5 showed 
16-fold selectivity (Figure 4A and C). Introducing 
i?-5'-Me-DNA at position 6 (A19) also showed no im- 
provement in allele selectivity, whereas introducing 5-5'- 
Me-DNA at position 6 (A20) showed > 38-fold selectivity 
(Figure 4B and D). 

Examination of the RNase HI cleavage patterns for the 
matched and mismatched duplexes showed that R-5'-Me- 
DNA does not disrupt the minor cleavage sites (d and c 
for A17 and c for A19, Supplementary Figure S5A-C) on 
the mismatched duplex. In contrast, S-S'-Me-DNA 
reduced (position 5) or eliminated (position 6) RNase H 
cleavage (Supplementary Figure S5D and E), resulting in 
improved allele selectivity. 

Interestingly, we also observed that the configuration of 
the 5'-methyl group changes the RNase HI cleavage prefer- 
ence on the RNA (Supplementary Figure S5). For example, 
although S-S'-Me-DNA allows RNase HI cleavage across 
and on the 5' -side of the RNA from its site of incorporation, 
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it does not allow RNase HI cleavage on the 3'-side of the 
RNA. In contrast, i?-5'-Me-DNA enhances the intensity of 
RNase HI cleavage one nucleotide over on the 3' -side of the 
RNA from the site of incorporation. 

The precise orientations of the R- and S-5'-Me groups 
in the heteroduplex are not properly understood, given 
that high-resolution nuclear magnetic resonance or 
crystal structures of 5'-Me-DNA modified duplexes are 
not available. Assuming canonical orientations around 
the backbone torsion angles a, (3 and y, the S-S'-Me 
group is expected to lie in the minor groove side of the 
modified duplex, which is an important recognition site 
for RNase HI (38). In contrast, the R-5'-Me group is 
expected to lie toward the edge of the minor groove and 
may not be as disruptive to the recognition and processing 
of the heteroduplexes by RNase HI. 

Configuration of the 2' -fluorine atom can modulate 
allele selectivity 

Introducing highly electronegative fluorine atoms at the 
2'-position of the nucleoside building blocks can have 



remarkable effects on the conformation of the furanose 
rings and on the biological properties of the modified 
oligonucleotides (35). ASO A21 with FANA at position 
5 showed no improvement in allele selectivity relative to 
control ASO Al, whereas A22 modified with FRNA at 
position 5 showed >25-fold selectivity (Figure 5A and 
C). Introducing FANA at position 6 (A23) also showed 
no improvement in allele selectivity relative to Al, whereas 
introducing FRNA at position 6 (A24) showed > 19-fold 
selectivity (Figure 5B and D). Analysis of the RNase H 
cleavage patterns further confirmed that introducing 
FANA at positions 5 or 6 did not ablate the minor 
cleavage sites on the mismatched duplex (Supplementary 
Figure S6A-C). In contrast, FRNA at positions 5 or 6 
ablated the minor cleavage sites on the mismatched 
duplex (Supplementary Figure S6D and E). 

The differential effect of FANA and FRNA on RNase 
H cleavage can be rationalized by the differences in 
furanose sugar pucker of these modifications. The 
furanose ring of FANA exists in the 04'-endo sugar 
pucker (Figure 2D), which is known to facilitate RNase 
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Figure 5. Effect of FANA and FRNA on allele selectivity is dependent on position of incorporation and on the absolute configuration of the 2'- 
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HI activity (42). In contrast, the furanose ring of FRNA 
exists in the C3'-endo sugar pucker (Figure 2D), which is 
detrimental to RNase H activity. It is also noteworthy, 
that i?-5'-Me-DNA showed almost identical effect on 
RNase H cleavage (pattern and intensity) as FANA. 
This suggests that the R-5'-Me group could potentially 
modulate the furanose sugar pucker toward the 04'- 
endo conformation. 



Strategic incorporation of S-cEt or FHNA in the gap 
improves allele selectivity 

FHNA and 5-cEt at positions 5 or 6 resulted in an im- 
provement in allele selectivity, but the effect on activity 
versus the mutant allele was mixed. ASOs A25 and A26 
with FHNA or 5-cEt at position 5, respectively, exhibited 
activity comparable with Al but significantly improved 
allele selectivity (Figure 6 A and C). The improved allele 
selectivity was confirmed in the RNase H cleavage assay 



where both ASOs showed negligible cleavage of the mis- 
matched duplex (Supplementary Figure S7A-C). 

The effect of incorporating FHNA (A27) or S-cEt (A28) 
at position 6 was less successful. Both ASOs exhibited 
good allele selectivity, but ASO A28 exhibited significant 
loss in potency versus muHTT relative to ASO Al 
(Figure 6B and D). These observations were confirmed 
in the biochemical assay where both ASOs showed 
reduced intensity in cleavage at site (a) along with 
reduced number of total cleavage sites (Supplementary 
Figure S7D-E). 

In contrast to FRNA and FHNA where the furanose 
ring exists predominantly in the C3'-endo sugar pucker, 
the sugar ring of cEt (44) is slightly bulkier and locked in 
the C3'-endo sugar pucker. Consequently, introducing 
FHNA at position 6 (within two nucleotides of the 
major cleavage site a) appears to have a smaller detrimen- 
tal effect on RNAse H activity in contrast to S-cEt, which 
reduced activity considerably. 
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Shortening the PS DNA gap in ASO Al improves 
allele selectivity 

ASOs A25 and A26 have essentially a 7-nt PS DNA gap; 
therefore, we hypothesized that shortening the PS DNA 
gap in ASO Al could improve allele selectivity while main- 
taining activity. To this end, we evaluated ASOs A29 and 
A30, which have PS DNA gaps of 8 and 7 nt, respectively. 
We found that although both ASOs showed excellent 
potency for reducing muHTT, ASO A29 exhibited a 
3-fold improvement in allele selectivity relative to Al, 
whereas ASO A30 showed profoundly improved selectiv- 
ity versus wtHTT (> 100-fold selectivity) (Figure 7A 
and C). 

To understand the importance of the precise sequence 
of the 7-base gap on activity and selectivity, we evaluated 
ASOs A31, A32 and A33 where the sequence of the gap 
was frame shifted by 1 nt. Although all the ASOs showed 
> 50-fold selectivity, ASO A31, which has the same gap- 
sequence as ASO A30, showed the best activity and select- 
ivity profile (Figure 7B and D). 



Modified ASOs are well tolerated after direct injection 
into the CNS of wt mice and rats 

To determine the safety and tolerability of the modified 
ASOs, non-transgenic mice were treated with either the 
benchmark compound Al, the optimized cEt (A30), the 
FHNA ASO (A25) or vehicle (PBS). Mice received a single 
300 ug 1CV bolus injection into the right lateral ventricle, 
and mice were monitored for 8 weeks post-treatment. No 
adverse events were observed in any of the animals in any 
of the treatment groups, and all animals maintained a 
normal body weight relative to PBS-treated controls 
(Figure 8A). To determine whether these compounds 
caused microglial activation, striatal and cortical tissue, 
adjacent to the injection site was collected and Aifl 
mRNA, a microglial activation marker was quantified. 
Aifl mRNA levels were not significantly increased 
in any of the treatment groups in either tissue type 
(Figure 8B). 

To further assess the tolerability of these new modifica- 
tions, we repeatedly injected the optimized S-cEt (A30) or 
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the FHNA (A25) ASOs IT into Sprague-Dawley rats. 
Rats were dosed IT every 2 weeks for four doses, and 
tissues were collected 2 weeks after the last injection 
(Figure 8C). No adverse events were observed in any of 
the rats, for any of the treatment groups, and all rats 
maintained normal body weight (Figure 8D). Two weeks 
after the fourth and final injection, hindlimb grip-strength 
(Figure 8E) and ambient motor activity (Figure 8F), 
as scored by time immobile in the open-field, were 
similar in ASO-treated animals and PBS controls. 
Finally, mRNA for markers of microglial activation 
and inflammation (Aifl, Gfap and Mpegl) in spinal 
cord tissue, directly adjacent to the injection site, 
were not significantly altered in ASO-treated animals 
(Figure 8G). 

Improved allele selectivity in cell culture translates to 
brains of transgenic mice 

We evaluated selected ASOs in Hu97/18 mice (45), a com- 
pletely humanized mouse model of HD (Figure 9). This 
mouse model contains both the mutant human HTT 



allele, with the associated SNPs, and the wt human HTT 
allele. We first evaluated the ability of ASO A30 to reduce 
muHTT protein in primary neuronal cells derived from 
Hu97/18 mouse embryos in the absence of any transfec- 
tion agent to facilitate delivery of the ASO across the cell 
membrane (Figure 9A). The ASO reduced muHTT ex- 
pression in a dose-dependent manner (IC50 = 101 11M). 
No reduction of wtHTT was observed even at the 
highest dose of ASO A30 (1000 11M) tested. Next, mice 
(n = 4/group) were injected in the right lateral ventricle 
(ICV) with a single bolus injection (300 ug) of ASO (Al, 
A25, A26, A30 or A31) or vehicle control (PBS), and tissue 
was collected 28 days later. Brains were harvested, and 
HTT protein was quantified in a 2 mm coronal slab 
from each hemisphere by allelic separation immuno- 
blotting for mu and wtHTT protein; the results 
were normalized to calnexin (Figure 9B). The pos- 
terior portions of treated brains were then post- 
fixed for immunohistochemical assessment of ASO 
distribution. 

As observed in the cell culture experiment, all the 
ASOs showed 60-80% reduction of muHTT protein. 



9646 Nucleic Acids Research, 2013, Vol. 41, No. 21 



„ 130 n 




PBS 
A1 



7 14 21 28 35 42 49 56 

Days posttreatment 



„ 130 




PBS 
A25 
A30 



7 14 21 28 35 42 49 56 

Days posttreatment 



IT port Tissue 
implant Dose x Dose 2 Dose 3 Dose 4 collection 
^^^^^^^^^^^^^^^^^^^^^^^^^^^ 

Time (Days): -7 0 14 28 42 56 



900- 




600 ■ 



!5 
o 
E 
E 

ai 300- 
E 



PBS A25 A30 



PBS A25 A30 




Cortex 



Striatum 




Figure 8. Tolerability profile of selected ASOs in the CNS of wt mice and rats. (A and B) Non-transgenic mice (n = 4/group) were administered 
300 ug of Al, A25, A30 or PBS by ICV injection and were monitored for tolerability for 8 weeks post-treatment. ASO treatment in non-transgenic 
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bars are in±SEM. 



However, although ASO Al showed a 52% reduction of 
the wtHTT protein, we observed essentially no reduc- 
tion of the wtHTT protein for the mice treated with the 
allele-selective ASOs A25, A26, A30 and A31. We also 
measured the ability of ASO A30 to reduce muHTT 
protein in a dose-response experiment (Figure 9C). 
Mice (n = 4/group) were injected (ICV bolus) with 
increasing doses (75, 150, 300 and 500 ug) of ASO 
A30 or vehicle control and brain tissue was harvested 
after 28 days using the procedures described earlier in 
the text. The ASOs produced a dose-dependent 



reduction in muHTT (ED 50 = HOug) with no reduction 
in wtHTT even at the highest dose tested (500 ug). All 
ASOs also showed similar broad and even bilateral lo- 
calization after ICV bolus injection, indicating that the 
modifications had no effect on distribution (Figure 9D). 
Thus, the animal model recapitulated the potency and 
selectivity observations from the cell culture experi- 
ments. Collectively, these studies illustrate the potency, 
selectivity and tolerability of these compounds, and 
support their development as potential therapeutics 
for HD. 
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Figure 9. Activity and selectivity of ASOs in the rodent CNS. (A) Allele selective knockdown of muHTT protein with ASO A30 in neuronal cells 
derived from cortical and striatal tissues of Hu97/18 mouse embryos under free-uptake conditions. (B-D) Hu97/18 mice (n = 4/group) were injected 
ICV with a single dose of 300 ug of ASO (B and D) or the indicated dose (C) in PBS. Mice were sacrificed after 28 days, the brain was harvested, and 
a 2 mm coronal slab from each hemisphere (R,L) was analyzed by allelic separation immunoblotting for muHTT and wtHTT protein, and the results 
were normalized to calnexin protein. (B) Optimized ASOs A25, A26, A30 and A31 show similar activity but improved allele selectivity relative 
to control ASO Al. (C) Dose response for allele-selective knockdown of muHTT protein following ICV injection of ASO A30 in Hu97/18 mice 
(D) Immunohistochemical staining for ASO (red) illustrates distribution to all parts of the brain following a single ICV bolus injection. 



DISCUSSION 

Oligonucleotide therapeutics can be useful for the treat- 
ment of autosomal dominant diseases where selective sup- 
pression of the transcript derived from the disease allele is 
desirable. We describe here an approach that allows for 
the highly selective targeting of a single base difference 
between wt and mutant HTT alleles using chemically 
modified ASOs. Furthermore, we show that the ASOs 
can silence the targeted allele throughout the CNS in a 
safe manner and at therapeutically relevant doses after 
direct injection into the CNS of rodents. 



wtHTT is critical in early stages of life (6,9) but the 
precise roles of the protein in adulthood remain unclear. 
Because of this, two strategies for ASO mediated thera- 
peutic repression of HTT have been proposed. The first is 
to partially reduce both alleleic variants. The second is to 
selectively reduce the mutant allele while preserving the wt 
variant. This second, more discriminating allele-selective 
approach, would ameliorate any theoretical concerns of 
long-term reduction of wtHTT in HD patients (46). 
Allele selectivity can be achieved by either targeting 
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SNPs associated with the CAG as described here or by 
targeting the CAG repeat directly. 

The advantages of a pan-allele approach is that a single 
ASO drug could be used to treat the entire HD population 
and that suppression of mutant and wtHTT in rodent 
models of HD provides a clear therapeutic benefit (10). 
However, although no adverse effects from lowering 
wtHTT in the rodent brain have been reported, more 
work is needed to assess the long-term safety of lowering 
wtHTT in the CNS of adult patients. Thus, an approach 
that selectively lowers the mutant allele is attractive, as it 
limits potential liabilities from partial suppression of the 
wt allele. 

Targeting the CAG expansion directly with chemically 
modified oligonucleotides is an allele selective approach 
that can target the entire HD population (16), as well as 
other diseases caused by expanded CAG repeats (47). 
Targeting the CAG expansion directly is also appealing 
because it prevents the translation of all variants con- 
taining the toxic expanded polyglutamine tract (48). 
However, this approach suffers from the potential for 
downregulating other CAG repeat containing genes (15). 
Moreover, the majority of HD patients contain <45 CAG 
repeats. This could reduce the efficiency of allele-selective 
inhibition, which relies on co-operative binding of 
multiple ASOs to the repeat expansion to achieve target 
suppression. Furthermore, relatively high doses of the 
oligonucleotide were needed to produce ~50% reduction 
of muHTT in the CNS of rodents (17), suggesting that 
further optimization is required to improve the in vivo 
pharmacodynamics of these compounds for use as a 
human therapy. In comparison, a single injection of 
ASO A30 (ED 50 = llOug) was able to reduce muHTT 
in the entire mouse brain. 

The SNP-targeting approach is a method that can se- 
lectively target the mutant allele, without the potential for 
downregulating other CAG containing transcripts. A dis- 
advantage of the allele selective SNP-targeting approach is 
that multiple ASOs will be needed to treat the entire HD 
population owing to heterozygosity of SNPs in the patient 
population (22,49). For example, the ASOs described in 
this report could provide an allele-specific treatment 
option for ~49% of the Caucasian HD population. This 
poses clinical and regulatory burdens to develop multiple 
safe and efficacious ASOs to treat the entire HD popula- 
tion in an allele-selective manner. However, the ASOs 
described in this report are well tolerated after direct in- 
jection into the CNS of rodents, have a similar distribu- 
tion and activity patterns as those reported previously (10) 
and can selectively lower muHTT without the added com- 
plications of lowering wtHTT. Ongoing studies with the 
current SNP-targeting ASOs in animal disease models will 
help ascertain the importance of selectively lowering 
muHTT and support their further development as poten- 
tial allele selective inhibitors of muHTT for treatment of 
HD in humans. 

In a broader context, the improved allele selectivity 
observed with ASO designs containing short PS DNA 
gap regions suggests that it should be possible to achieve 
efficient allele-selective inhibition for other gene targets by 
using two strategies (i) screening SNP associated mRNA 



sequence space with shorter (seven- and eight-base) gap 
ASOs and (ii) by moving the position of the SNP across 
the gap to ascertain the precise gap position for optimal 
activity and allele selectivity. It should also be highlighted 
that the ability to produce profound changes in ASO 
behavior with subtle structural changes like replacing 
one oxygen atom with sulfur (2S-dT), adding a methyl 
group at the 5'-position of DNA or inverting the config- 
uration of one fluorine atom (FANA to FRNA) in an 
oligonucleotide with a molecular weight of ~5500 is re- 
markable and unprecedented. 

With advances in personalized medicine, understanding 
the genetic differences between patient sub-groups will be 
important for the diagnosis and treatment of human 
diseases. The advent of next-generation sequencing 
technologies will ensure that this information becomes 
available for large segments of the human population. 
Against this background, the ability to selectively 
downregulate expression of individual alleles by targeting 
SNPs in a therapeutically relevant manner could have 
enormous implications. In this context, our work lays 
the foundation for the rational design of SNP targeting 
ASOs for treating autosomal dominant diseases. 
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